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Abstract

This work focuses on the development of energy management strategy for hybrid
electric vehicles (HEVs) using battery and super-capacitors based on fuzzy logic control
. The work is divided into two parts.

In the first part, an energy management strategy is developed for a hybrid energy
storage system (HESS) consisting of batteries and super-capacitors. Fuzzy logic is utilized
to intelligently distribute and control power, taking into account factors such as state of
charge regulation and degradation of on-board energy sources. This approach ensures
optimal utilization of available energy under different circumstances .

The second part of the work focuses on motor control in HEVs. Takagi-Suegeno fuzzy
logic control is employed to regulate the vehicle’s speed, allowing for adaptive and efficient
control in various driving conditions.

Simulation tests using MATLAB/Simulink software have been performed in order to
validate the proposed techniques. The obtained results will be analyzed and discussed.

By integrating fuzzy logic techniques into energy management and motor control, this
work contributes to the development of sustainable and efficient transportation systems.
The outcomes aim to reduce emissions, improve fuel efficiency, and promote a greener

future for the automotive industry.
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General Introduction

The transportation sector is responsible for a significant portion of global carbon dioxide
emissions, which contribute to climate change. To address this issue, researchers and
policymakers have been exploring alternative energy sources for vehicles. Electric vehicles,
including hybrid electric vehicles (HEVs), have emerged as a promising solution. One of
the critical aspects in the development of HEVs is effective energy management, which
involves optimizing the utilization of different energy sources and controlling the power
flow within the vehicle system.

The energy management of HEVs plays an essential role in maximizing fuel efficiency
and minimizing environmental impact. It encompasses various aspects, including the se-
lection and integration of different energy storage technologies, control strategies for power
allocation, and management of energy flows during different driving conditions. Efficient
energy management ensures the optimal utilization of energy sources, such as batteries
and super-capacitors, while considering factors like driving cycles, power demands, and
system constraints.

The main objective of this work is to delve into the energy management of hybrid elec-
tric vehicles using battery and super-capacitor technologies. We explore the application
of fuzzy logic control techniques to enhance the performance and efficiency of both the
traction chain and the hybrid energy storage system (HESS). The report is divided into

several chapters, each focusing on specific aspects of energy management and control.

Chapter 1:

The first chapter provides a comprehensive overview of the history of electric vehicles,
hybrid electric vehicles, and the evolution of HEV architectures. We also explore different
storage technologies, including batteries and super-capacitors, and examine various types

of electric motors commonly used in HEVs. Additionally, we discuss driving cycles and

x1i



their impact on energy management.

Chapter 2:

Chapter 2 focuses on the proposed topology and mathematical models associated with the
hybrid energy system (HES) and the brush-less DC (BLDC) motor. The chapter begins
by introducing the proposed topology for the HES, which includes components such as
the battery, super-capacitor, DC-DC converter, and inverter. This topology is designed to

optimize the energy management and utilization of the HES in the hybrid electric vehicle.

Chapter 3:

The third chapter delves into the control of the traction chain in HEVs. It is divided
into two parts, starting by the control of the hybrid energy storage system with DC/DC
converters. The second part focuses on the control strategies for BLDC motors using
Takagi-Suegeno fuzzy logic controller. The fuzzy logic approach have been used as energy
management algorithm to ensure optimal utilization of the battery and super-capacitors

under pre-defined driving cycles.

Chapter 4:

Through the simulation results and discussions, the fourth chapter presents the perfor-
mance evaluation of the system through different scenarios, including constant speed with
load variation, acceleration and deceleration with hybrid energy storage, and the Japanese
driving cycle. These scenarios are simulated using MATLAB/Simulink, and the results

are analyzed and discussed in details.



Chapter 1

Overview about Hybrid Electric
Vehicles

1.1 Introduction

There are several types of HEVs available, including parallel hybrids, series hybrids, and
plug-in hybrids. Parallel hybrids use both the engine and electric motor to power the
wheels simultaneously, while series hybrids use the engine to generate electricity to power
the motor. Plug-in hybrids can be charged using an external power source, allowing them
to operate in electric-only mode for a certain distance before switching to gasoline power.

In recent years, there have been several advancements in HEV technology, including
improvements in storage systems(i.e. batteries, super-capacitors and fuel cell), as well as
the development of more efficient and powerful electric motors( i.e. PMSMs,BLDCs...).
As a result, HEVs are becoming more attractive to consumers and are expected to play
an increasingly important role in reducing emissions from the transportation sector. In
this chapter an overview about HEVs, their technologies and types of electrics motors will

be presented.

1.2 History of electric vehicles

The combination of batteries and electric motors powering the wheels of light vehicles
can be traced back to the 1830s with the emergence of the first non-rechargeable battery-

powered electric vehicles [1].



CHAPTER 1. OVERVIEW ABOUT HYBRID ELECTRIC VEHICLES

The rechargeable lead-acid battery was invented by Gaston Planté in 1859 and re-
mains widely used for energy storage today. Alphonse Camille Faure further improved
the capacity of these batteries, leading to large-scale production and the proliferation of
autonomous electric vehicles on city streets in 1881. Electric cars entered the commercial
market in the late 20Th century, thanks to the development of rechargeable batteries [2].
Therefore, it can be said that the dominance of electrical energy accumulation and its
conversion to mechanical energy has made it possible for a new, quiet, and clean method
of urban mobility.

In 1837, Robert Davison Aberdeen created the first electric carriage in England, pow-
ered by an iron-zinc battery and an electric motor. Charles Jeantaud Raffard conducted
experiments in France, and Werner Siemens improved the electric motor in Germany.
Despite steam-powered vehicles dominating at that time, electric vehicles emerged as the
preferred choice for urban traffic due to their quiet operation and environmentally friendly

drive system [3].

1.3 Hybrid Electric Vehicles

A hybrid electric vehicle combines a conventional internal combustion engine (ICE) propul-
sion system with an electric propulsion system. These propulsion systems can be com-
bined in various ways to accomplish different objectives. The presence of the electric
power-train is designed to realize better fuel economy than a conventional vehicle or
better performance. Another type of HEVs uses only electric propulsion system with
hybrid power source that combines batteries with another secondary energy source such
as super-capacitors, fuel cell or PV panel.

The most common practice as an HEV energy storage device is using an electro-
chemical battery and super-capacitors.

The control strategy of an HEV can be designed for various purposes, based on the
different combinations of power flows and, in order to satisfy load requirements, the HEV
can select any power flow path. This liberty to select various power flow combinations
creates much more flexibility of operation than the conventional vehicles. Moreover, in

an HEV drive-train, vehicle braking energy can also be recuperated efficiently [4].
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Based on different combinations of electric and mechanical traction, HEV drive-trains
are divided into three basic architectures: series, parallel, and series parallel hybrids [5].
The specific choice of a HEV configuration depends on several factors including the type
of the application, cost and weight considerations and expectations of the targeted cus-

tomers.

1.4 The hybrid electric vehicle technologies

HEV (Hybrid Electric Vehicle) technologies refer to the different types of vehicles that
combine two or more power sources, such as an internal combustion engine (ICE) and an
electric motor, to improve the overall performance and efficiency of the vehicle. These
technologies are gaining popularity due to their ability to reduce fuel consumption and

emissions while providing a better driving experience.

1.4.1 Full hybrid

Full hybrids maximize hybridization by combining electrical power and combustion engine
power for vehicle propulsion. They can operate in electric mode, engine mode, or a
combination of both. However, they still rely on petrol as their energy source, resulting
in some level of pollution, noise, and vibration from the combustion engine.

Toyota’s hybrid electric vehicle system includes an internal combustion engine, a power
control unit, motor generators for propulsion and energy regeneration, a high voltage
battery, and a power split device. Full hybrids typically have both high voltage and low
voltage electrical systems, with a low voltage battery and a DC to DC converter to power
the low voltage system.

Full hybrids offer increased vehicle efficiency without the need for external battery

charging [6].

1.4.2 Mild hybrid

Mild hybrids, also known as MHEVs, have limited electric power contribution compared
to other hybrid systems. They rely on the internal combustion engine as the main power

source, with the electric motor providing assistance rather than sole propulsion. This
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electrical assist helps improve efficiency through features like quick start-stop functional-
ity, torque boost, and regenerative braking. The battery in MHEVs is recharged through
engine rotation and regenerative braking, eliminating the need for external charging.
However, emissions, vibrations, and noise are still present in this type of hybrid configu-

ration [7].

MHEYV Essential Components

A typical mild hybrid vehicle includes an internal combustion engine (ICE), a belt alter-
nator starter (BAS) with an inverter, a 48-Volt battery, a 12-Volt battery, and a DC to
DC converter. The IC engine generates mechanical torque through combustion to propel
the vehicle. The BAS combines the functions of a starter and an alternator, enabling
energy recuperation during braking and providing a quick start-stop system. The 48V
battery stores energy generated by the BAS and powers the 48V system. A DC to DC
converter converts the 48V electricity to 12V for storage in the 12V battery, which powers

the entire 12V electrical system of the vehicle.

Mild-Hybrid 48 Volt-Antriebsstrang

Mild hybrid 48 volt drivetrain

Figure 1.1: Mild hybrid 48 V Antribsstrang

1.4.3 Plug-in hybrid

A plug-in hybrid vehicle is an HEV with the ability to recharge its energy storage system
with electricity from the electric utility grid. The PHEVs have a battery pack (or ESS)
of high energy density that can be externally charged by connecting a plug to an external

electric power source, and can run only with electric power for more time than regular
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HEVs [8]. The conversion of HEVs to PHEVs involves adding or replacing the ESS to
improve efficiency and increase the electric range. The ESS, consisting of a battery pack,
stores energy from external charging and regenerative braking for the traction motor
system. Recharging is done through an AC outlet charger with an AC-DC converter and
digital controller. A bidirectional DC-DC converter and charge-discharge profile enable
energy transfer between the ESS and the motor system [9].

Benefits and Obstacles of PHEVs

PHEVs offer the advantage of utilizing multiple energy sources, reducing petroleum con-
sumption and dependence on fossil fuels. They provide benefits in both electric and liquid
fuel modes. However, PHEV technology also comes with limitations and challenges that
need to be taken into consideration [10].The principal technical obstale concerns the ESS
cost, volume, and life that must be studied very well to be really usable. More stored
energy means more miles that the vehicle can be driven electrically. However, increasing

the ESS also increases vehicle cost and means a bigger size of the pack [11].

1.5 Different storage technologies

Storage technologies refer to the methods and devices used for storing energy. In the
context of electric vehicles, energy storage is essential for providing power to the electric
motor that drives the vehicle. The two most common storage technologies used in electric

vehicles are batteries and super-capacitors.

1.5.1 Batteries

A battery is a device that converts chemical energy into electrical energy through an
electrochemical reaction. It comprises one or more electrochemical cells, each consisting
of a positive electrode (cathode), a negative electrode (anode), and an electrolyte. When
a battery is connected to an external circuit, electrons flow from the negative electrode
through the circuit to the positive electrode, generating an electric current. In recent
years, the development of batteries has made great progress. Furthermore, the global
production of electric vehicle batteries has increased by 66% [12].which is undoubtedly

directly related to the increase in vehicle sales, and forecasts show that the demand for
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batteries will continue to grow. In fact, it is predicted that the supply and demand
for electric vehicles will only increase in the coming years. There are different battery

technologies [13] :

e Lead-acid batteries: Lead-acid batteries are the oldest type of rechargeable batteries.
They are widely used in automotive applications and as backup power supplies due

to their robustness and relatively low cost.

e Nickel-cadmium batteries (NiCd): NiCd batteries have been widely used in portable
electronics and power tools. They offer good performance at low temperatures and

have a long cycle life.

e Nickel-Metal Hydride batteries (NiMH): NiMH batteries are commonly used as a
replacement for NiCd batteries. They have a higher energy density, making them

suitable for portable electronics and hybrid vehicles.

e Lithium-ion batteries (Li-ion): Li-ion batteries have become the most popular
rechargeable battery technology. They offer high energy density, low self-discharge
rates, and long cycle life. Li-ion batteries are used in a wide range of applications,

including smartphones, laptops, electric vehicles, and renewable energy systems.

Each type of battery has its own advantages and limitations, and the choice of battery
depends on the specific requirements of the application, such as energy density, cycle life,

cost, and environmental impact.
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Figure 1.2: Comparison of the different battery technologies in terms of volumetric and
gravimetric energy density

In this study, lithium-ion batteries will be used due to their superior energy densities
compared to nickel-metal hydride or lead-acid batteries. Figure 1.3 illustrates the oper-
ating principle of a lithium-ion battery. During the discharge process in a lithium-ion
battery, a series of chemical reactions occur. In the lithium-graphite anode, lithium ions
(Li) are oxidized from the 0 oxidation state (Li) to +1 oxidation state (Li+). This oxida-
tion reaction is represented by the following equation [14]:

CgLi, — 6 C(graphite) + Li* + e~

The lithium ions produced during the anode reaction then migrate through the electrolyte
medium to the cathode. In the cathode, lithium ions are incorporated into lithium cobalt
oxide (LiCOC}y) through a reduction reaction. This reduction reaction involves the reduc-
tion of cobalt from a +4 oxidation state to a +3 oxidation state. The equation for this
reaction can be expressed as follows [14]:

Li; ,CoCy(s) + xLi" + xe™ —— LiCoCy(s)

It is important to note that these reactions can be reversed during the battery’s charg-
ing process. In this case, the lithium ions leave the lithium cobalt oxide cathode and
migrate back to the anode. At the anode, they are reduced back to neutral lithium and
reincorporated into the graphite network, preparing the battery for subsequent discharge

cycles.
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Figure 1.3: Operating principle of a lithium-ion battery.

1.5.2 Supercapacitors

In recent years, there has been a growing interest in Supercapacitors (SCs) as an alterna-
tive energy storage technology that complements rechargeable batteries. SC technology
has evolved and shown potential for commercial-scale energy storage. Compared to tra-
ditional rechargeable batteries, SCs have short charge/discharge times, a long cycle life,
are lightweight, and environmentally friendly. Table 1.1 compares the characteristics of
rechargeable batteries (such as lithium-ion) and SCs.

As seen in Table 1.1, electrochemical batteries have high energy densities, typically
ranging from 70-100 (Wh/kg) for commercially available systems. They can store a large
amount of energy that can be released over a longer period of time. In contrast, SCs
have a lower energy density, with a commercially used cell typically ranging from 0.5-
30 Wh/kg, but can be released in an exceptionally short discharge period. Table 1.1
also provides useful information on other distinct characteristics of SCs that make them
complementary devices alongside rechargeable batteries. However, addressing inherent
weaknesses in technical performance characteristics of SCs requires immense research

efforts to make them commercially successful [15].

Characteristics Super-capacitors | Lithium-ion batteries
Cycle life 500,000 800-3000
Power density (kW/kg) 13 0.5-1

Energy density (Wh/kg) 0.5-30 70-100

Cycle efficiency (%) 98 Up to 95
Charge/discharge time 0.3-30 s 0.3-3h
Capital cost ($/kWh) 300-2000 600-2500
Durability (years) 20 14-16

Table 1.1: Performance characteristics comparison of supercapacitors and rechargeable
batteries (lithium-ion).



CHAPTER 1. OVERVIEW ABOUT HYBRID ELECTRIC VEHICLES

Development of supercapacitor’s (SCs) technology

Super-capacitors are also known as ultra-capacitors or electrochemical capacitors. They
store charge through the separation of ionic and electronic charges at the electrode/electrolyte
interface, forming an electric double layer. This double layer is very thin and has a high
specific surface area, enabling super-capacitors to have very high specific capacitances and
superior energy densities compared to conventional electrostatic capacitors [16].
Super-capacitors, particularly electric double layer capacitors (EDLCs), offer a nearly
limitless cycle life due to their interfacial surface charge storage mechanism without chemi-
cal or phase changes in the active materials. Super-capacitors offer high capacity retention,
up to 99%, and are known for their safety and environmental friendliness. They have a
simpler design compared to rechargeable batteries, using fewer electrolytes and facilitat-
ing easy operation and recycling. The performance of supercapacitors is influenced by the
choice of electrolytes, which affects breakdown potentials, operating voltages, and energy
densities. The viscosity of electrolyte solutions also impacts power densities. Superca-
pacitor cells can be assembled in two electrode or three electrode configurations, with
the latter providing higher measurement accuracy. Schematic representations of both

configurations are shown in Figure 1.4 .

Counter Eiectrode

Working Blectrode

Electrolyte Solution

Figure 1.4: Graphical representation of two and three electrode cells (a) two electrode
configuration (b) three electrode configuration

Classification of super-capacitors

Super-capacitors can be classified into three main categories based on their assembly,
charge storage mechanism, and electrode/electrolyte materials. Since each configuration

has a distinct charge storage mechanism, they exhibit unique signature characteristics

that define each type, including EDLC, PCs, and HSCs [17].

1. Electric double layer capacitors (EDLCs)

9
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EDLCs, or electric double-layer capacitors, are widely used and commercially avail-
able super-capacitors that rely on physical adsorption of electrolyte ions on the
surface of highly porous carbon electrodes. Activated carbon is the most commonly
used electrode material in commercial EDLCs. While researchers are exploring syn-
thetic carbons like graphene and carbon nanotubes in the laboratory, their high
production costs and complex synthesis procedures limit their commercial viability.
New electrolytes, such as room temperature ionic liquids (RTILs) and solid-state
polymer (SSP) electrolytes, are being investigated, but their higher viscosities and

lower ionic conductivities pose challenges for widespread adoption.

2. Pseudo-capacitors (PCs)

Pseudocapacitors (PCs) offer better capacitor performance and higher energy den-
sities compared to EDLCs, but lower energy densities compared to rechargeable
batteries. PCs rely on reversible redox reactions for charge storage, resulting in fast
and fully reversible electronic transfer. However, PCs suffer from lower power densi-
ties due to their higher equivalent series resistance (ESR), except for costly materials
like ruthenium oxide. PCs are still in the early stages of commercialization, with
various transition metal oxides and conducting polymers being explored as electrode
materials. Promising materials include manganese oxide, iron oxide, cobalt oxide,
nickel oxide, and derivatives of polythiophene, polypyrrole, and polyaniline. Further

research is needed to make these materials commercially viable.

3. Hybrid super-capacitors (HSCs)

Hybrid super-capacitors (HSCs) can be configured in various ways, combining ca-
pacitive and battery-type electrodes in symmetric and asymmetric configurations. They
exhibit electrochemical behavior between that of batteries and capacitors, utilizing high
working potentials to initiate reversible redox reactions and complement double-layer
energy storage. HSCs show increased capacitive behavior but suffer from lower power
densities, poor cyclic life, and sluggish kinetics. To address these issues, researchers are
exploring new nanostructure materials and conductive additives like graphene and carbon
nanotubes. Different types of super-capacitors use various electrolyte solutions, including

aqueous and non-aqueous solutions such as organic solutions and ionic liquids.

10
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1.6 Different type of electric motors used for HEV

The main component of an electric vehicle that transforms electrical energy from the
battery into rotational motion is the electric motor. The electric motor is responsible
for converting electrical energy into mechanical energy, which is then used to propel the
vehicle. It operates based on the principles of electromagnetism, utilizing the interaction
between magnetic fields and electric currents to generate rotational force. The electric
motor plays a crucial role in the overall performance and efficiency of an electric vehicle,
as it determines the power, torque, and speed characteristics of the vehicle’s propulsion
system. Various types of electric motors can be used in electric vehicles, including brushed
DC motors, brush-less DC motors, and induction motors, each with its own advantages

and considerations.

1.6.1 Most used motor types in HEVs

Electric vehicles (HEVSs) utilize different types of motors for their propulsion. In this
project, the focus will be on investigating the Brush-less DC (BLDC) motor. Table 1.2
provides a comprehensive Comparison of different types of motors which are extensively

used in EV application [18].

Foatires Brush-less | Induction | Brushed DC SP;IrlTIi r(l)irzculsv[l?/[goiitr
DC Motor | Motor(IM) | Motor (BDM) (PMSM)

Efficiency High Low Moderate High

Maintenance Very low | Low Periodic Lower

Switching Losses | Less High High High

Speed Range High Low Moderate Higher

Electrical Noise | Low Low Noisy Low

Speed/Torque . . .

characteristic Highly Flat Non-linear High

Cost High Low Low Higher

Table 1.2: Comparison of Motors for EV Application

1.7 Hybrid energy storage system HESS

The Energy Storage System (ESS) in EVs and HEVs consists of batteries and ultra-

capacitors. Batteries have high energy but low power, while ultra-capacitors have high

11
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power and capacity. Hybrid Energy Storage Systems (HESS) combine multiple storage
units, and innovative designs are being developed. The Ragone curve, shown in Fig. 1.5,
demonstrates the specific energy of fuel cells, batteries, ultra-capacitors, and conventional
capacitors, versus their corresponding specific power levels . As depicted in this figure,
batteries with high specific energy and low specific power are placed more towards top
left of the figure while ultra-capacitors approach the opposite corner due to their high
specific power and low specific energy [19].

1000 10 hours 1 hours 0.1 hours

36s

360 ms

= 36 ms

=2 - Electrolytic
-~ 1= _Gapacitors

el - |

Gravimetric Energy Density [Wh-kg!]

0.01

T L
10 100 1000 10000
Gravimetric Power Density [W-kg™']

Figure 1.5: Specific energy versus specific power for various ESSs

Interfacing battery unit and super-capacitors unit to the DC bus in a
drive-train
One of the primary obstacles in configuring a Hybrid Energy Storage System (HESS) is
how to connect the battery and ultra-capacitor units to the DC bus. Figure 1.6 provides
a detailed illustration of different HESS topologies, each with its own advantages and

disadvantages. The following subsections will provide a brief overview of these topologies.
e Direct connection of BU and SC to the DC bus

The direct connection of BU and SC to the DC bus, as shown in Figure 1.6 (a), represents

the simplest way of interfacing battery and super-capacitor units [20].
e Partially-decoupled configurations

Partially-decoupled Hybrid Energy Storage System (HESS) configurations involve the use
of a DC-DC converter to decouple either the Battery Unit (BU) or Super-capacitor (SC)

12
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from the DC bus. This configuration adds to the system cost and control complexity but
offers important features. There are two topologies: Topology I Fig 1.6 (b), where the SC
is directly connected to the DC bus, and Topology II, where the BU is directly connected
to the DC bus while the UC is interfaced to the bus via the DC-DC converter [21].

e Fully-decoupled configurations

Fully-decoupled HESS configurations use a power electronic system to completely isolate
the BU and SC from the DC bus. By implementing a power management algorithm, the
system can control the operation of both units and improve overall performance, leading
to a longer life for the BU. However, this type of configuration is typically more expensive
due to the complex power electronic structure and control circuitry involved. The system
may also experience higher losses due to the use of numerous semiconductor devices
and passive elements. There are several topologies within the fully-decoupled category,
including the simplest configuration in Fig. 1.6 (d) where a DC-DC converter decouples
parallel-connected BU and SC from the DC bus. More complex cascaded topologies are
shown in Figs. 1.6 (e) and (f), where two cascaded converters are used to decouple BU
and SC from the DC bus.Fig. 1.6 (g) depicts the parallel-converter topology, which is a
widely adopted and favorable fully-decoupled configuration in this category [22].
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Figure 1.6: Different configurations of interfacing BU and SC to the DC bus in a drive
train
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1.8 Driving cycles for electric vehicles

A driving cycle is a standardized representation of vehicle speed points over a specific time
period. It is used to evaluate fuel consumption and emissions in a consistent manner, al-
lowing for comparisons between different vehicles. Typically, driving cycles are conducted
on chassis dynamometers, where exhaust emissions are measured to assess emission rates.

In the context of commercial vehicles, driving cycles are performed on engine dy-
namometers, and the evaluation is based on a set of engine torque and speed points rather
than vehicle speed points. This approach enables the assessment of engine performance
and emissions characteristics.

There are two main types of driving cycles: modal cycles and transient cycles. Modal
cycles, such as the European standard NEDC (New European Driving Cycle) and the
Japanese 10-15 Mode, consist of a series of fixed acceleration and constant speed periods.
However, these modal cycles do not accurately represent real-world driving behavior since
they do not incorporate the typical variations in speed that occur on the road.

On the other hand, transient cycles, such as the FTP-75 (Federal Test Procedure-75)
or Artemis cycle, involve a wide range of speed variations, better reflecting the driving
conditions encountered in real-world scenarios. These cycles are designed to capture the

dynamic nature of driving with frequent speed changes [23].

1.8.1 Japanese driving cycle

Figure 1.7 illustrates a 10-mode driving cycle designed to simulate urban driving con-
ditions. This particular segment covers a distance of 0.644 kilometers with an average
speed of 17.7 kilometers per hour. The driving cycle presented in Figure 1.7 serves as the
basis for the subsequent simulations and analyses conducted in this study, capturing the
characteristic driving patterns encountered in urban areas. It provides a representative
profile of speed variations and acceleration periods that are reflective of typical urban
driving scenarios. By utilizing this driving cycle, we aim to evaluate the performance and

efficiency of the hybrid electric vehicle system under realistic operating conditions [24].
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Figure 1.7: Japnese driving cycle

1.9 Energy management

Energy management in vehicles is an important issue because it can significantly influ-
ence the vehicle’s performance. An optimal energy management strategy can provide
substantial advantages such as reducing fuel consumption, decreasing emissions, reducing
pollution, and improving vehicle driving performance [25].

Recently, research has focused on improving EMS (energy management strategies) be-
cause of its complexity and limitless capacities. So, depending on the driving cycle and
storage condition, EMS must be reconfigurable [26].

EMSs can be divided into: Rule-Based (RB) and Optimization-Based (OB).

1.9.1 Rule-Based EMSs

Rule-based EMSs can typically be implemented by predefining the logical rules in accor-
dance with the HEV system characteristics and operation mode. Through an ”if-then”
structure, the rules are determined depending on the battery SOC, driver power demand,
and vehicle velocity. Given these guidelines, the power split can be carried out to meet
the driver’s power demand while keeping the SOC within a predetermined range. This
strategy primarily relies on logical rules and local restrictions rather than prior knowledge
of the driving cycle. It is less flexible to changing driving conditions since the control pa-
rameters cannot be modified due to a lack of future knowledge on the driving cycle. The
next sequel introduces common techniques, such as deterministic rule-based control and

fuzzy rule-based methods [27].
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Deterministic Rule-Based EMSs

This approach involves using the engine map and motor efficiency map to determine
how power should be distributed between the engine and motor. By considering the
efficiency of both the motor and engine, as well as the battery state of charge (SOC),
a set of predefined logical rules is used to allocate power. These control rules can be
easily implemented in real-time using a look-up table, making them popular for vehicle
controllers in commercial applications. Typically, the rules are designed based on specific
driving cycles, such as the ECE cycle. However, the effectiveness of this method may be
reduced when faced with varying traffic conditions, limiting its adaptability to different
driving cycles [27].

introduce a rule-based Energy Management System (EMS) for a parallel hybrid electric
vehicle. However, traditional rule-based power management systems are not ideal for real-
world driving conditions because there is no single standardized approach for designing the
logical rules. Typically, this process relies on the engineer’s expertise and specific driving
cycles. The subsequent sections provide a more comprehensive discussion on rule-based
strategies, specifically the on/off and power follower EMSs [27]. Rule-based EMSs are
easy to implement online but lack optimality and cannot guarantee optimal performance
for various driving cycles. Additionally, they are unable to adjust control parameters to

achieve optimal fuel economy due to the complexity of driving conditions [27].

Fuzzy Logic-Based EMSs

Fuzzy logic control theory is a methodology that combines fuzzy set theory and fuzzy
logic to determine system output. It goes beyond traditional TRUE and FALSE logic by
incorporating fuzzy rules. In the context of Energy Management Systems (EMSs), fuzzy
logic-based approaches are used to distribute power based on fuzzy rules that consider
driver power demand and State of Charge (SOC). Modified versions of fuzzy logic-based
EMSs are also utilized, such as fuzzy logic controllers for parallel Hybrid Electric Vehicles
and multi-input fuzzy logic controllers for power-split hybrid vehicles.

The utilization of fuzzy logic-based EMSs in energy management offers advantages over
traditional rule-based systems, including enhanced fuel efficiency and the ability to adapt
to different driving conditions. Several researchers have proposed innovative approaches

that leverage fuzzy logic controllers to optimize power distribution and reduce emissions
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in various vehicle applications. These advancements highlight the potential of fuzzy logic

control theory in the field of energy management for electric and hybrid vehicles [27].

1.9.2 Global Optimization-Based EMSs

Global Optimization-Based EMSs refer to energy management systems that utilize global
optimization techniques to optimize the energy consumption and operation of a system.
These systems are typically used in complex energy systems, such as smart grids, micro-
grids, or hybrid energy systems, where multiple energy sources and storage devices need
to be coordinated to achieve efficient and optimal operation.

The primary goal of a Global Optimization-Based EMS is to minimize the overall
energy cost or maximize the system’s performance while considering various constraints,
such as power generation limits, storage capacity, demand response, and environmental
factors. The optimization problem involves finding the optimal scheduling and dispatch
strategies for different energy resources to meet the energy demand in the most efficient
manner.

Global optimization techniques, such as Mixed Integer Linear Programming (MILP),
Genetic Algorithms (GA), Particle Swarm Optimization (PSO), or Simulated Annealing
(SA), are employed to solve the complex optimization problems associated with EMSs.
These techniques explore the entire solution space to find the global optimum, considering

the non-linear and non-convex nature of the problem. [27].
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Figure 1.8: Types of Energy Management Strategies

Figure 1.8 illustrates a comprehensive overview of various energy management strate-

gies.
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1.10 Conclusion

In conclusion, the first chapter delves into the key aspects of electric vehicles and hybrid
electric vehicles, shedding light on their historical background, architectural design, tech-
nological advancements, energy storage options, types of electric motors used, and the
importance of efficient energy management. By understanding these fundamental con-
cepts, we lay the groundwork for exploring advanced control strategies and optimization
methods in the subsequent chapters. The comprehensive overview provided in this chap-
ter sets the stage for a deeper understanding of the complexities and challenges involved

in achieving optimal energy utilization in hybrid electric vehicles.
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Chapter 2

Modeling of different traction chain

elements

2.1 Introduction

In this chapter, we will present a comprehensive analysis of the chosen system architecture,
followed by the modeling of its various subsystems.

The first section focuses on presenting a detailed model of the power sources employed
in the system. This includes modeling the battery, which serves as the primary power
source, and the Super-capacitor module, utilized as a secondary power source .

Moving on to the second section, our attention is directed towards the conversion stage.
Here, we explore three power converters that were utilized to validate energy management
strategies and verify control rules for the traction section. Specifically, Boost converter
is selected for the battery, while an Buck-Boost converter is employed for the Super-
capacitor. Additionally, a two-level, three-phase voltage inverter is utilized as a variable
speed drive, enabling us to verify the control rules for the traction section.

Lastly, the third section revolves around the vehicle’s traction system. In this section,
we model the BLDC motor, taking into account various forces that impact the vehicle’s
dynamics. Through the systematic exploration of the system architecture and the detailed
modeling of key subsystems, this chapter aims to enhance our understanding of hybrid
electric vehicle systems and lay the groundwork for further analyses, optimizations, and
advancements in the field. Figure 2.1 illustrates the porposed full active traction chain

topology.
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Figure 2.1: Proposed Topology for the Hybrid Electric Vehicle System

2.2 Mathematical model of hybrid energy storage
system

The mathematical model of a hybrid energy storage system (HESS) combines the dynamic
equations of the different components within the system to describe its behavior. The
HESS typically consists of multiple energy sources, such as batteries, super-capacitors

along with power electronics converters and loads.

2.2.1 Thevenin based battery model

The primary energy source used in this electric vehicle is the Lithium-ion battery. For
modeling purposes, the Lithium-ion battery is represented using the well-known one
branch Thevenin scheme. This model accurately captures the behavior of the battery.

Figure 2.2 illustrates the equivalent circuit of the Thevenin-based battery model [28].

Figure 2.2: The equivalent circuit of Thevenin based battery model.

In this representation, the open circuit voltage EO represents the voltage of the bat-
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tery when no current is flowing. The voltage drop across the internal resistance Rbatt
accounts for the Joule losses in the battery. The dipole formed by R1 and C1 represents
the stored energy in the battery [28].

Vbatt = EO - ‘/1 - Rbatt ' [batt (21)

The equation 2.1 describes the relationship between the battery voltage (Vbatt), the
open circuit voltage (EO0), the voltage drop across R1 (V1), the battery internal resistance
(Rbatt), and the battery current (Ibatt).

The state of charge (SOC) estimation of each battery is calculated using the Coulomb
counting method. It involves integrating the discharge current (i(t)) over a period from
TO to Tf and dividing by the nominal capacity of the battery (Cn). The initial state of
charge (SOCO) is subtracted from this value, and the result is multiplied by 100 to obtain
the SOC in percentage [28].

1

Ty
SOC(%) = S0Cy — - / i(t) dt x 100 (2.2)
n JTy

where:

SOC, = Initial state of charge
C,, = Nominal capacity of the battery expressed in (Ah)

i(t) = Discharge current

In essence, this method calculates the change in state of charge by considering the
difference between the initial state of charge and the integrated current over a specific

time period (7o) to T¥).

2.2.2 Super-capacitor RC based model

The super-capacitor simulation involves utilizing a conventional RC circuit. In this ap-
proach, the super-capacitor is represented as an ideal capacitor connected in series with a
resistor. The resistor corresponds to the internal resistance of the super-capacitor, which

accounts for the joule losses within the device. The RC circuit configuration [28], shown
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in Figure 2.3, serves as the model for the super-capacitor simulation.

N ﬁ

—— Csc

Vsc

Figure 2.3: The equivalent circuit of super-capacitor R-C based model

In the RC circuit model, several variables are defined as follows:

Vsco : Voltage across the ideal capacitor
Vsc : Terminal voltage of the super-capacitor

Ic : Output current of the super-capacitor

Based on the RC circuit, the terminal voltage of the super-capacitor Vsc can be

expressed using the equation:

Vsc = Vsco — Rsc - Ic (2-3)

The variable C represents the stored energy amount and is given by:

C = CO =+ VscO . K (2.4)

where:
Rsc: the internal resistance of the super-capacitor.

Isc: the current flowing through the super-capacitor.
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Cp: a constant representing the initial stored energy.
K: a constant factor.
These equations describe the relationship between the voltage, current, and stored

energy in the super-capacitor within the RC circuit model.

2.2.3 DC-DC converter model

To ensure bidirectional energy flow between the involved sources according to the adopted
control strategy, the converter structures used are current-reversible topologies.

The Buck-Boost converter model on the SC side

Referring to Figure 2.4, the continuous dynamic model of the Buck-Boost converter used
for the super-capacitor can be obtained by combining the switching modes as follows [28]:
In the Buck mode, where S1=1 and S2=0, the following expressions are derived for

the energy storage elements Lgo and C:

disc

Loo+ — = Vge — V 2.
S0 e DC (2.5)
dVpc . Vbc
. = i — DO 2,
C dt s RL ( 6)

In the Boost mode, where S1=0 and S2=1, the following expressions can be expressed

as:

Lgc —2 = V& 2

sC dt SC ( 7)
Vi

C- d[;c = iLxe (2.8)

WVout

Figure 2.4: The equivalent circuit of the Buck-Boost converter
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The Boost converter model on the Battery side

The mathematical modeling begins with storage elements capacitor and inductor in the
boost converter as shown in Fig 2.5. inductor voltage and capacitor current are given in

eqn 2.9 and 2.10 respectively [29].

dig,
=71.-= 2.
Vi dt (29)
. dVe
- .= 2.1
o C dt ( 0)
| TN (I
Y D'

—1
Vi 52 |_ S
" | —1 Vout

Figure 2.5: The equivalent circuit of the Boost converter

The boost conversion begins when the switching process starts,which results in two

forms of switching conditions MOSFET ON and MOSFET OFF.

2.2.4 DC bus model

In the literature, two types of interconnections exist for stationary and embedded hy-
brid systems: the architecture with alternating node interconnection and the one with
continuous node, as proposed in this work. The main advantage lies in not requiring
synchronization between the different included entities. In this work, the two sources are
interconnected through a continuous bus, whose voltage needs to be regulated around a
reference value. This reference value is determined based on the converter voltage ra-
tio and the machine used. This regulation allows for the collection of energy flows from
both sources and their delivery to the traction motor, while maintaining a stable voltage

at the input of the voltage inverter [28]. Figure 2.6 shows the continuous bus capacitor,
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which transfers all the currents from the continuous side to the machine through the I_ DC

current, representing the BLDC motor current in the continuous side.
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Figure 2.6: The equivalent diagram of the DC bus

In conclusion, by utilizing average models of the converters, the model of the contin-

uous bus can be expressed as follows:

dVj Vi
DO _ Isc - asc + IBatt - GBatt — ¢ Inot (2.11)

Coo—g; Ry

2.2.5 Inverter model

The three-phase inverter is an important part of the system, consisting of six power
switches. Each phase leg is connected to two switches, forming a bridge configuration.
These switches are responsible for controlling the power flow to the three-phase BLDC
motor [30].

In this particular configuration, the power switches of the inverter are connected to
a combination of a battery and a super-capacitor, which are connected in parallel. This
arrangement allows for efficient energy storage and supply to the motor. Figure 2.7 shows

the voltage source inverter connected to the BLDC motor

Three-phase
1 s3 85 U| motor
DC power &
supply —— E
©
S4 S6 S2 v w

Figure 2.7: Three-phase inverter basic circuit

Table 2.1 provides a detailed overview of the timing intervals for each gating signal.
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Each interval corresponds to a 60° segment of the motor cycle. Within each interval, the
corresponding MOSFET conducts for a duration of 120° [30].

The design of the inverter is based on logical equations (2.5), (2.6), and (2.7), which
determine the logical state of each switch (S; to Sg). A logical value of 1 represents the
switch being turned ON, while a logical value of 0 represents the switch being turned
OFF.

By applying these logical equations and following the timing sequence specified in
Table 2.1, the inverter controls the switching patterns of the power switches. This en-
sures that each MOSFET conducts for the designated duration, allowing for the proper
modulation of the input voltage to the three-phase BLDC motor [30].

Overall, the use of logical equations and precise timing intervals enables efficient and

reliable operation of the inverter circuit in controlling the power flow to the motor.

Va Vi

%2&7—&? (2.12)
1% v,

%:&5_&5 (2.13)
v, v,

Wz%f—&f (2.14)

Where: V; is the DC-link voltage.

Switch States
Phase Voltage ON TOFF Output Voltage
v S1 | Sy +Va/2
¢ Sy | 51 —Vy/2
v Sz | Se +Vy/2
b
Se | S3 —Vy/2
v Ss | So +Va4/2
¢ Sy | S5 —Vy/2

Table 2.1: Switching states

2.2.6 Mathematical model of BLDC motor

BLDC motors are a type of synchronous motor that offers advantages such as reduced
rotor Ohmic losses and the absence of brushes and mechanical commutation. Unlike
traditional DC motors, BLDC motors have a permanent magnet rotor and wire-wound

stator poles. Due to the absence of brushes, these motors require an inverter and a rotor
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position sensor for operation [30].

Hall Effect sensors are commonly used to detect the position of the rotor in BLDC
motors. In self-control mode, the inverter functions as an electronic commutator, receiving
switching logical pulses from the absolute position sensors. This control mechanism is also
referred to as electronic commutation. The type of inverter used depends on the power
rating of the drive, with transistors typically used for low-power drives and thyristors for
high-power drives. The Hall Effect sensor is mounted on the motor shaft [30], as depicted

in the following figure:

Stator Windings
YAY. Y.¥, VAW, Rotor
Hall sensors E’I\‘&M&M&A!‘!‘!’M‘m h“l'agnel S

Figure 2.8: The construction of a conventional BLDC motor

This configuration allows for accurate rotor position detection, enabling precise control
of the BLDC motor’s operation.

The rotor magnetic poles of the BLDC motor emit either a high or low signal as they
pass close to the Hall sensor. This signal indicates whether the north or south pole is
passing by the sensor. By analyzing the combination of signals from the three Hall sensors,
the precise commutation sequence can be computed. This commutation sequence signal
is then transmitted to the drive circuitry of the inverter circuit, enabling the controlled
flow of current to the stator phase windings [30].

Table 2.2 shows the Hall Effect signal values, which provide information about the
states of the magnetic poles and assist in determining the commutation sequence.

The Hall Effect signals play a main role in achieving proper motor operation and
ensuring the correct timing of current commutation in the stator windings. By accurately
sensing the rotor position, the inverter circuit can control the switching of the power

switches to maintain the desired torque and speed of the motor [30].
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Switching Interval Degree | H1 | H2 | H3
0-60 110 |1
60-120 00 | 1
120-180 0 1 1
180-240 o110
240-300 11110
300-360 110 1] 0

Table 2.2: Hall Effect signals

Based on the Hall Effect signals, the inverter controls the current flow to the stator
phase windings, allowing the BLDC motor to operate at the desired torque and speed.
The equivalent circuit of the BLDC motor, as shown in Figure 2.9, consists of three
stator-phase windings connected in a star pattern and a permanent magnet mounted on
the rotor. The motor is powered by a three-phase voltage source, which can be applied
as a square wave, sinusoidal wave, or any other waveform.
When modeling the BLDC motor, several assumptions are made [30]:
i) The motor operates with the rated current and is not saturated.
ii) The resistances of the three stator phase windings are equal.
iii) Self-inductance and mutual inductance remain constant
iv) Iron and stray losses are negligible.
v) The three phases are balanced.
vi) The air gap is uniform.
vii) Hysteresis and eddy current losses are not considered.

(
(
(
(
(
(
(
(

viii) Semiconductor switches are assumed to be ideal.
These assumptions help simplify the modeling process and provide a basis for analyzing

the motor’s behavior and performance.

-
L

i
a

Figure 2.9: The equivalent circuit of the BLDC motor

28



CHAPTER 2. MODELING OF DIFFERENT TRACTION CHAIN ELEMENTS

dig
Vo= Ry i+ Lo =2 e, (2.15)
dt
. diy
Vb:Rb-zb—i—Lb-%—i—eb (216)
. di.
Vc:Rc'Zc‘i‘Lc‘E‘i‘ec (2.17)

where: R, = R, = R. = R: Stator resistance per phase [Ohm]

L, = Ly, = L. = L: Stator inductance per phase [Henry]

Vi, Vi, and V, are the stator phase voltages [Volt]

ia, i, and i. are the stator phase currents [Ampere]

€q, €p, and e, are the motor back EMFs; and their expressions will be given in equations

(2.11), (2.12), and (2.13).

Va R + pL O Lc ia (P
Vil = L, R+ pL 0 w |+ | e
V. 0 Ly R+ pL Ie €c

. . d
where p in the matrix represents .

When a BLDC motor rotates, each winding generates a voltage known as Back EMF
(Electromotive Force), which opposes the main voltage supplied to the winding according
to Lenz’s law. The polarity of the Back EMF is in the opposite direction to the source
voltage. The Back EMF is related to the rotor position, and each phase has a phase
difference of 120° [30].

The equation of the ideal Back EMF and phase current for each phase of the motor

can be expressed as follows:

e =K -w- f(0) (2.18)
eb:K-w-f(Q—Qg) (2.19)
eC:waf(@—i-%r) (2.20)

where:
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K is the Back EMF constant [V /rad/s],

0 is the electrical rotor angle

w is the mechanical speed of the rotor [rad/s],

and f(#) is a function related to the rotor position.

The electromagnetic torque can be expressed as:

d
Te:J-d—j+7}+B-w (2.21)

where:

J is the rotor inertia [kg-m?],

i—‘: is the rate of change of mechanical speed,
T; is the load torque [N-m],

and B is the damping constant.

The resultant torque can be calculated as:

d
Te—ﬂ:J~d—o;+B~w (2.22)

This represents the relationship between the electromagnetic torque, load torque, rotor

inertia, mechanical speed, and damping constant in the BLDC motor.

2.2.7 Dynamic model of electric vehicle

During the operation of a vehicle, it encounters several resistance forces that oppose its
forward motion. These forces are essential to consider when analyzing the vehicle’s dy-
namics and energy consumption [31]. The resistance forces can be categorized as follows:

Wind Resistance (Fy):

Wind resistance is the force experienced by the vehicle due to the interaction between
its shape and the surrounding air. It is influenced by factors such as the vehicle’s aerody-
namic design, speed, frontal area, and air density. At higher speeds or for vehicles with
poor aerodynamics, wind resistance becomes a significant factor contributing to the total
resistance.

Rolling Resistance (Fg):

Rolling resistance refers to the force required to overcome the friction between the

tires and the road surface. It is influenced by various factors, including tire type, tire
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pressure, road conditions, and vehicle weight. Improper tire inflation or using tires with
higher rolling resistance can increase this resistance, resulting in decreased fuel efficiency.

Grade Resistance (Fg): Grade resistance is the force encountered when a vehicle
travels on an incline or decline. It depends on the road gradient and the weight of the
vehicle. When driving uphill, the vehicle needs additional energy to overcome gravity
and maintain its speed. Conversely, when traveling downhill, the vehicle experiences a
negative grade resistance that can assist in maintaining or increasing its speed.

Acceleration Resistance (F4): Acceleration resistance is the force required to accelerate
the vehicle from rest or change its velocity. It is directly proportional to the mass of the
vehicle and the desired rate of acceleration. To overcome this resistance, the engine or
motor must provide sufficient power to accelerate the vehicle.

The total tractive force (Fr) acting on the vehicle can be obtained by summing up

these resistance forces [31]

Fr=Fy+ Fr+ Fg+ Fy (2.23)

Fr=Kp-W-cos(0) + Ky - A- V2 + W -sin(d) + W - L Fp (2.24)
g

Kpg : Rolling resistance coefficient

Ky - Wind resistance coefficient

(=%

: Road grade angle
: Vehicle weight

: Vehicle speed

no< =

: Vehicle frontal area

: Vehicle acceleration

S|

g : Gravitational constant

Understanding and quantifying these resistance forces are crucial for vehicle perfor-
mance analysis, energy consumption estimation, and the design of efficient propulsion
systems. By considering the interplay between these forces, engineers and researchers can
optimize vehicle performance and improve overall energy efficiency.

In Figure 2.10, a graphical representation of the total tractive force is depicted, illus-

trating the combined effects of wind resistance, rolling resistance, grade resistance, and
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acceleration resistance. This visualization aids in comprehending the relative contribu-
tions of each force and their impact on the overall vehicle dynamics.

In summary, the detailed analysis and consideration of wind resistance, rolling re-
sistance, grade resistance, and acceleration resistance provide valuable insights into the
challenges faced by a moving vehicle and serve as a foundation for optimizing vehicle

performance and energy efficiency.

Figure 2.10: Vehicle dynamic model for resistance forces calculation

Once the tractive force Fr has been calculated, the operating point parameters of the
motor, including speed w, torque 77, and power Pr, can be computed using the following

equations [31]:

W*
= 2.2
w== (2.25)
r
TL, W - Fp (2.26)
P =Fr-w (2.27)

where:

W* is the angular velocity of the motor,

r is the effective radius of the wheel,

Fr is the tractive force.

These equations provide the relationship between the tractive force and the operating

point parameters of the motor.

2.3 Conclusion

This chapter focused on describing and modeling the various components of the hybrid

system. Each component was carefully selected to ensure an appropriate model for its
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operation. The chapter began with a detailed description and modeling of the lithium-
ion battery pack, taking into account its specific characteristics and behavior. The next
component, the super-capacitor, was also thoroughly described and modeled, considering
its unique properties and functionalities within the system. Lastly, the different power
converters used for power flow control within the system were modeled, taking into con-
sideration their role in optimizing the system’s performance. By accurately modeling each
component, a comprehensive understanding of the hybrid system and its overall operation

can be achieved.
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Chapter 3

Control of Traction chain

3.1 introduction

The control of the traction chain in Electric Vehicles (EVs) is important for achieving
efficient and reliable performance. This chapter focuses on presenting various control
strategies and techniques that are employed to regulate and optimize the traction chain
in EVs.

Firstly, the implementation of the control for the Hybrid Energy Storage System
(HESS) with DC/DC converters is decribed in this chapter. It explores how fuzzy logic
can effectively regulate and optimize the performance of the HESS.

Secondly, the chapter dives into the energy management strategy, which encompasses
the definition of operating modes and the design of a fuzzy logic controller. These ele-
ments are important for achieving efficient energy distribution and maximizing the overall
performance of the EV.

Lastly, the chapter delves into the control of Brush-less DC Motors (BLDC) in EVs.
It specifically examines two control techniques: hysteresis current control and TS-FLC
speed control. These techniques enable precise speed regulation and enhance the motor’s

overall performance in EVs.

3.2 HESS control using fuzzy logic controller

In a hybrid electric vehicle (HEV), the control loops associated with the power sources,

namely the battery and super-capacitor, play an essential role in managing the power flow
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and ensuring optimal operation. These control loops involve the use of DC/DC converters,
specifically boost and buck-boost converters, to connect the battery and super-capacitor

to the inverter’s DC bus.

—|»J—,_| ViN
(a)
R ——
Lp ] >
Vsc S| -
s [>oBoost
Vi rer f\ PI e E\ Pl PWM

Figure 3.1: Power sources and their corresponding control loops

The control loop for discharging the battery in the hybrid electric vehicle system
involves comparing the DC bus voltage Vpe with a reference voltage Vpe. The resulting
error signal is used as input to a PI controller, which determines the battery current
reference.

The battery current reference is then compared with the actual battery current, gen-
erating an error signal. This error signal is controlled by a PWM generator, which adjusts
the duty cycle of the converter. By continuously monitoring and adjusting the duty cycle
based on the error signal, the control loop ensures that the battery current closely matches
the desired reference value. This control mechanism helps maintain the stability of the
battery’s voltage and optimizes the power transfer from the battery to the DC bus

In the control loop of the super-capacitor,the power reference is divided by the super-
capacitor voltage to determine the current reference. By comparing the measured current
with the reference, an error signal is generated.

To control the power flow, a buck-boost converter is utilized, controlled by a PWM
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generator. If the measured current is lower than the reference, indicating insufficient
power, the duty cycle of the converter is increased to boost the voltage across the super-
capacitor and enhance the current flow. Conversely, if the measured current exceeds the
reference, the duty cycle is reduced to decrease the voltage and limit the current flow.
The control loop continuously monitors the error signal using a PI controller to adjust
the duty cycle accordingly, ensuring efficient power transfer and optimal utilization of
the super-capacitor’s energy. This helps maintain a stable voltage level and improves the

overall performance of the hybrid electric vehicle system

3.3 Description of Energy Management strategy

3.3.1 Operating modes

In an Electric Vehicle (EV), a Hybrid Energy Storage System (HESS) operates in dif-
ferent modes to effectively manage energy. These modes determine how the battery and
super-capacitor work together based on the vehicle’s speed and driving conditions. In this

work we distinct four operating states:

Mode 0: In this mode, when the vehicle speed is zero, both the battery and super-
capacitor are turned off. This means that no power is being supplied or stored in either
of these energy storage components.

Mode 1: When the vehicle is moving at a constant speed, the battery is turned on and
supplying power to the BLDC motor. However, the super-capacitor remains off, meaning
it is not actively participating in providing or storing electrical energy.

Mode 2: During acceleration, both the battery and super-capacitor are turned on. This
means that both energy storage systems are working together to provide the necessary
power to the BLDC motor, enabling the vehicle to accelerate efficiently.

Mode 3: During deceleration, the super-capacitor comes into play. It is utilized to
capture and store the electrical energy generated by regenerative braking. As the vehicle
slows down, the super-capacitor charges up, effectively recovering and storing some of the
energy that would have been wasted as heat in traditional braking systems.

By intelligently switching between different modes, the electric vehicle can optimize its

energy usage and enhance overall efficiency.
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3.3.2 Design of the Fuzzy logic energy management system

To validate the proposed energy management strategy, we created an optimal energy
management strategy using fuzzy logic. This strategy uses a fuzzy power management
algorithm that determines the reference power for the super-capacitor based on factors
such as power demand, super-capacitor state of charge (SOC), and the rate of change
of power over time. The battery’s SOC is not considered when making these decisions.
Additionally, by carefully selecting rules in the fuzzy table, we achieve intelligent power
distribution without requiring extra filters.

The fuzzy logic controller (FLC) shown in Figure 3.2 determines the reference power that
will be delivered by the SC. To do so, the super-capacitor state of charge, the power

demand and its slop are fuzzified using adequate membership functions.

F
U —)
P demand e Z
Z
F Pref
SOCSC — | SC
C evaluation
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A
T
] —
(0]
N

Figure 3.2: The fuzzy logic controller

In Figure 3.3, three membership functions of triangular and trapezoidal types are
depicted. These membership functions are employed to fuzzify the power demand variable.
The power demand is divided into three fuzzy sets: low power (L), medium power (M),

and high power (H).
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Figure 3.3: The fuzzification of the power demand

Figure 3.4 illustrates the membership functions employed to fuzzify the state of charge
(SOC) of the super-capacitor. These membership functions are used to convert the crisp
value of the super-capacitor SOC into linguistic terms or fuzzy variables.

The SOC of the super-capacitor is divided into three fuzzy sets: low SOCsc (L),
medium SOCsc (M), and high SOCsc (H). Each fuzzy set is associated with a membership

function that defines its boundaries and shape.
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Figure 3.4: The supercapacitor SOC fuzzification

Figure 3.5 presents the membership functions utilized to fuzzify the derivative of the

power demand.
The derivative of the power demand is divided into three fuzzy sets: Negative slope

(N), Zero slope (Z), and Positive slope (P).
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Figure 3.5: The slop of power demand fuzzification

The control system for the supercapacitor utilizes six triangular membership functions,
as depicted in Figure 3.6, to represent the reference power. These membership functions,
including Very Negative (VN), Negative (N), Zero (Z), Low (L), Medium (M), and High
(H), cover a wide range of power values, from highly negative to high levels.

By using these membership functions, the control system can linguistically describe
and interpret the desired power level for the super-capacitor. This enables the application
of fuzzy logic control algorithms to adjust the power flow and ensure optimal operation

of the hybrid energy storage system.
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Figure 3.6: The defuzzification of the supercapacitor’s reference power

The fuzzy logic controller in the system utilizes a set of 27 predefined combinations
to effectively control the state of charge (SOC) of the super-capacitor, power demand,
and its derivative, as outlined in Table 3.1. These combinations enable the controller to
make intelligent decisions and adjust the system’s parameters for optimal performance.

By interpreting linguistic variables and corresponding rules, the controller regulates the
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SOC, adjusts power demand, and responds to changes in power demand’s derivative.
This approach provides a robust and adaptable control strategy, enhancing the overall

performance of the super-capacitor.

Pdem
SOCsc | dp/dt LM 1 H
N N | VN | VN
L 7 7 |7 7
P Z | L L
N N |N VN
M Z 7 |7 Z
P L | L M
N N|N N
H Z Z | Z Z
P LM |H

Table 3.1: The Fuzzy logic energy management rules base

3.4  Control Strategies for Brushless DC (BLDC)
Motors

To achieve optimal efficiency in controlling a BLDC motor, it is essential to have contin-
uous knowledge of the rotor position. This can be achieved through two different modes:
sensor mode and sensorless mode.

In the sensor mode, information about the rotor position is obtained from Hall Effect
sensors, with one sensor per phase. These sensors provide feedback based on the motor’s
magnetic field. On the other hand, in the sensorless mode, the rotor position is determined
by analyzing the Back Electromotive Force (BEMF) signals generated by the motor. The
type of BEMF waveform produced by the motor can be either trapezoidal or sinusoidal,
depending on the arrangement of windings in the stator. Distributed windings result in
a sinusoidal BEMF, while concentrated windings produce a trapezoidal BEMF.

In both modes, the commutation of the BLDC motor is carried out using electronic
switches that require knowledge of the rotor position. By aligning the rotor poles with the
stator windings, the corresponding stator windings can be energized. A predefined com-
mutation interval is used to drive the motor effectively. However, precise speed control and
maximum torque generation can only be achieved by performing brushless commutation

with accurate rotor position information.
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Mechanical position sensors such as Hall sensors, shaft encoders, or resolvers have
traditionally been utilized in control methods that rely on sensors to provide rotor position

information.

3.4.1 BLDC control using Hysteresis comparators

Hysteresis control is a simple closed-loop control technique commonly used in motor
control. It involves maintaining the controlled variable within predetermined bounds
around a reference value.

The hysteresis regulator serves as a basic current controller by directly controlling the
on/off states of switches based on the current error. The operation principle of a hysteresis
controller is as follows:

In a hysteresis regulator, as depicted in Figure 3.7, if the difference between the actual
current and the desired command current exceeds a preset value known as the hysteresis
band (denoted as h), the state of the switch is changed to reduce the error. Specifically,
the switch state is altered based on whether the actual current is greater or lesser than

the command current by the hysteresis band h. This is achieved by:

e Turning ON the lower switch to decrease the load current by generating a negative

voltage.

e Turning ON the upper switch to increase the load current by generating a positive

voltage.

[
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Figure 3.7: Operating principle of a hysteresis regulator

This approach effectively maintains the controlled variable within the desired bounds,

preventing excessive deviations and ensuring stable operation of the system.
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3.4.2 TAKAGI-SUGENO fuzzy logic speed-controller design

Fuzzy logic control is mostly used for high uncertainty non-linear systems. In this sec-
tion, a Takagi-Sugeno fuzzy logic controller is designed for speed regulation and reference
torque generation to improve the performance of a BLDC control scheme. The T-S
method requires the least computation effort compared to other fuzzy inference methods
. The zero-order TS-FLC is composed of three basic processes as shown in Figure 3.8 :

fuzzification, rules base, and defuzzification

® &

Figure 3.8: Block diagram of the proposed FLC

I; Te

Fuzzy interfance

Fuzzification
Defuzzification

K., Ka., and K, are the normalization factors.
The selection of input and output normalization factors is made based on the knowledge
about the process. e(k)is the rotor speed tracking error. Figures 3.9 and 3.10 represent
the proposed normalized input and output membership functions in terms of linguistic
variables, NB (Negative Big), NM (Negative Medium),NS (Negative Small), ZE (Zero),
PS (Positive Small), PM (Positive Medium), and PB (Positive Big). In the last step, a

center weighted average algorithm is used in the defuzzification process.
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Figure 3.9: TS-FLC inputs membership functions
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NB NM NS ZE PS PM PB
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Figure 3.10: TS-FLC outputs membership functions

The fuzzy rules used in the proposed FLC can be represented in a symmetric form, as

llustrated in Table 3.2

e(K

Ae(K) N(B) NS [ZE | PS | PB
NB NB | NB | NM | NS | ZE
NS NB | NM | NS | ZE | PS
7E NM | NS |ZE | PS | PM
PS NS |ZE |PS |PM | PB
PB 7ZE | PS |PM | PB | PB

Table 3.2: Fuzzy logic speed control rules base

3.5 conclusion

This chapter provides a detailed overview of control approaches that facilitate intelligent
power distribution in a hybrid system. By implementing these control algorithms, it
becomes possible to effectively manage the power output from each source and ensure

optimal control of the electric vehicle’s traction system.
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Chapter 4

Results and Discussion

4.1 Introduction

The performance of the system developed within this study has been thoroughly examined
and validated through a series of comprehensive tests. These tests were designed to
assess the system’s capabilities and effectiveness in various operational scenarios. The
following three distinct scenarios were carefully selected to cover different aspects of system
performance:

Scenario 1: Constant Speed with Load Variation.

Scenario 2: Acceleration and Deceleration with Hybrid Energy Storage.

Scenario 3: Japanese Driving Cycle.

Through the analysis of these scenarios, the chapter aims to provide a comprehensive
understanding of the system’s performance. The results obtained will be used to assess

control strategies, identify areas for improvement, and optimize system operation.

4.2 Simulation results

4.2.1 Scenario 1: Constant Speed with Load Variation

Figure 4.1 illustrates the performance of the hybrid electric vehicle (HEV) in terms of
speed, and torque. When the load is added, we observed in Figure 4.1 (a) a slight
decrease in the speed of the HEV. Conversely, when the load is removed, we noticed a
slight increase in the speed of the HEV. With the reduced load, the motor requires less

power to maintain the constant speed, allowing the vehicle to accelerate slightly. As shown
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in Figure 4.1 (b) , when the load is added, we observed an increase in the motor’s torque
output. The additional load requires the motor to deliver more torque to overcome the
increased resistance and maintain the constant speed. On the other hand, when the load

is removed, we noticed a decrease in the motor’s torque.

1500 T 6
—w
ref
7Wm eeeeee d

0 0.5 1 1.5 2 25 3 35 4 0.5 1 15 2 25 3 35 4
Time (seconds) Time (seconds)

(a) HEV Speed (b) HEV Torque

~

=)
=1
=]

Motor Torque
o

o
=1
=]

Motor Speed (rpm)
)

o
S

=)

Figure 4.1: HEV Performance: Speed, and Torque

In the constant speed scenario with load variation, we examined the performance of
the battery and super-capacitor in terms of voltage, current, power, and state of charge
(SOC). Figure 4.2 illustrates the behavior of the battery and super-capacitor voltages
during load variation. When the load was applied, we observed a slight drop in the
battery voltage Figure 4.2 (a) due to the increased power demand. While, as seen in
Figure 4.2 (b) the super-capacitor voltage remains stable due to its ability to discharge

quickly and provide instantaneous power support during load variations.
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Figure 4.2: Voltage Comparison: Battery and Supercapacitor

Moving on to the current analysis , Figure 4.3 presents the battery and super-capacitor
currents during load variation. As the load was introduced, the battery current increased
(Figure 4.3 (a)) to meet the higher power demand, ensuring continuous power supply.
Conversely, when the load was removed, the battery current decreased accordingly. The
super-capacitor current (Figure 4.3 (b) )showcased its rapid response and high power

capabilities, quickly adjusting to the load variations.
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Figure 4.3: Current Comparison: Battery and Super-capacitor

Figure 4.4 showcases the SOC levels of the battery and super-capacitor during load
variation. When the load is applied, the battery’s SOC gradually decreases as it supplies
power to meet the increased demand. This reduction in SOC reflects the battery’s dis-
charge of stored energy to support the load. Conversely, when the load is removed, the
battery’s SOC experiences a slight decrease is observed as the power demand decreases.
This indicates that the battery requires less energy to maintain the constant speed, al-
lowing its SOC to increase slightly.On the other hand, the super-capacitor’s SOC remains
relatively unchanged during load variation since its high-power capability allows it to

support the load without significant energy consumption.
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Figure 4.4: SOC Comparison: Battery and Super-capacitor

Figure 4.5 (a) focuses on the battery power profile during different load conditions.

As the load is added to the HEV system, the battery power experiences a temporary
increase. This is due to the higher power demand required to meet the additional load
requirements. Conversely, when the load is removed, the battery power undergoes a
decrease. With the reduced load, the power demand decreases, and the battery adjusts
accordingly to supply the appropriate power.Since we are operating with a constant speed

there is no power demand for the supercapacitor as shown in figure 4.5 (b).
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Figure 4.5: Power Comparison: Battery and Super-capacitor

Figure 4.6 illustrates the performance of the hybrid electric vehicle (HEV) in terms of
power.

From figure 4.6 (a) , it is evident that the power demand matches the sum of the battery
and super-capacitor voltage. This indicates a balance between the power required by the
load and the combined power output of the energy storage devices.Upon analyzing the
figure, we can observe that whenever the power demand increases, the combined voltage of
the battery and super-capacitor also rises in tandem. Similarly, when the power demand

decreases, the voltage of the energy storage devices decreases accordingly.
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Figure 4.6: HEV performance : Power

During load application, we observed in Figure 4.7 a slight decrease in the DC bus
voltage due to the increased power demand. As the load draws more current from the
system, the voltage drops to accommodate the higher power transfer. Conversely, when
the load is removed, the DC bus voltage shows a slight recovery as the power demand
decreases. With reduced load, the voltage level increases to maintain the stability of the

system.
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Figure 4.7: DC bus Voltage

By comparing the performance of the battery and supercapacitor, it becomes evident
that the battery is responsible for delivering sustained power over longer durations, while
the supercapacitor excels in providing immediate bursts of power. This combination of
energy storage devices enables efficient power management in the constant speed scenario,

ensuring reliable and stable operation of the system.

4.2.2 Scenario 2: Acceleration and Deceleration with Hybrid

Energy Storage.

Scenario 2 aimed to assess the system’s performance during acceleration and deceleration
phases. The simulation focused on the utilization of the battery and supercapacitor
(SC) components in a coordinated manner. During acceleration, the battery provided
the necessary power, while during deceleration, the SC was charged through regenerative
braking.

In the present work, a reference velocity profile is illustrated in figures 4.8 . The
velocity curve is composed of three different modes: an acceleration mode between [1-
2s], [5-6s], [9-10s]; a constant velocity mode between [2-3s|, [6-7s|, and [10-12s|; and
a deceleration mode between [3-4s], [7-8s|, and [12-13s]. The purpose of selecting this
variable velocity profile is to assess the performance of the developed algorithms more
effectively. We will specifically focus on the acceleration and deceleration modes.

The simulation results clearly show that the motor velocity perfectly tracks its refer-
ence, with almost zero overshoot and static error. The electromagnetic torque is repre-
sented by its stator current, Ia, which reflects the demanded load current by the traction

part.
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Figure 4.8: Simulation results

In the acceleration mode, Figure 4.9 and Figure 4.10 illustrates the voltage and current
profiles of the battery and super-capacitor. The battery voltage graph Figure 4.9 (a)
demonstrates a slight decrease at the beginning of acceleration, while the battery current
graph Figure 4.10 (a) exhibits a rapid rise. Similarly, the super-capacitor voltage graph
Figure 4.9 (b) remains stable, and the super-capacitor current graph Figure 4.10 (b) shows
a rapid increase.

During deceleration, the battery voltage graph shows a slight recovery, and the battery
current graph changes direction to indicate regenerative braking. The super-capacitor

voltage graph remains stable, and the super-capacitor current graph displays a reverse

fow.
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Figure 4.11 represents the State of Charge (SOC) of the battery and super-capacitor
during acceleration and deceleration. In the acceleration mode, both the battery and
super-capacitor exhibit a gradual decrease in SOC, indicating the discharge of stored
energy to power the electric motor and meet the increased power demands. In the decel-
eration mode, the SOC of the battery shows a gradual decrease, indicating the discharge
of stored energy as the regenerative braking process recovers and stores energy in the

super-capacitor.
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Figure 4.11: SOC Comparison: Battery and Super-capacitor

In Figure 4.12 (a) and (b), the power profiles of the battery and super-capacitor
during acceleration and deceleration are depicted. During acceleration, the battery power
gradually decreases as it discharges its stored energy to meet the increased power demands.
Meanwhile, the super-capacitor power exhibits a corresponding increase, contributing to
the overall power supply and ensuring rapid energy delivery for acceleration.

In the deceleration phase, where regenerative braking occurs exclusively with the
super-capacitor, the power dynamics shift. The battery power output decreases signif-
icantly, as it is not actively involved in the regenerative process. On the other hand,
the power profile of the super-capacitor shows a noticeable increase as it efficiently ab-
sorbs and stores the regenerated energy. This demonstrates the effective utilization of the
super-capacitor for regenerative braking.

While in Figure 4.12 (c) , an important observation is made regarding the power
balance in the system. The plot demonstrates that the sum of the battery power and
super-capacitor power closely matches the power demand during both acceleration and
deceleration. This alignment indicates that the combined power output of the battery

and super-capacitor effectively meets the required power for the traction system.
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In Figure 4.13, the behavior of the DC bus voltage is presented. The plot illustrates
that the DC bus voltage closely tracks its reference value of 150 V throughout the simu-

lation. This indicates that the control system effectively regulates and maintains the DC

bus voltage at the desired level.

250
200
S 150

©
<100

50

In conclusion, the scenario of acceleration and deceleration with regenerative brak-

ing solely relying on the super-capacitor demonstrates the effective utilization of energy
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storage components in the hybrid electric vehicle system.
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4.2.3 Scenario 3 : Japanese Driving Cycle.

The system’s performance was tested using the Japanese driving cycle, representing real-
world driving conditions. By simulating the specific speed and load profiles of the cycle

described in figure 4.14 , the chapter evaluated the system’s overall performances.
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Figure 4.14: HEV performance

The simulation results for the Japanese driving cycle shown in Figure 4.15 and 4.16
demonstrate the voltage and current behavior of the battery and super-capacitor in various
driving scenarios. During acceleration, the battery voltage decreases while the super-
capacitor voltage remains stable. In deceleration, the battery voltage increases due to
regenerative braking, while the super-capacitor voltage slightly decreases as it absorbs
the regenerated energy.

During constant speed driving, both the battery and super-capacitor voltages remain
steady, indicating a balanced power supply. It is important to note that regenerative

braking is only applied to the super-capacitor, enabling efficient energy recovery.
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Figures 4.17 shows that the state of charge (SOC) of the battery and super-capacitor
exhibits different behavior. During acceleration, the battery’s SOC gradually decreases
as it provides power, while the super-capacitor’s SOC remains relatively stable. In de-
celeration, regenerative braking is applied exclusively to the super-capacitor, leading to
an increase in its SOC as it captures and stores regenerated energy. During constant
speed driving, both the battery and super-capacitor SOCs remain constant, indicating a

balanced power supply.
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Figure 4.17: SOC Comparison: Battery and Super-capacitor

The figures 4.18 demonstrates the power balance between the battery and super-
capacitor in different driving modes . It demonstrates that the sum of power from both

the battery and super-capacitor is equal to the power demand of the vehicle.
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Figure 4.19 depicts the behavior of the DC bus voltage in the simulation. The plot
clearly demonstrates that the DC bus voltage closely follows its reference value of 150 V

throughout the entire simulation period.
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Figure 4.19: DC bus Voltage

4.3 Conclusion

The simulation results confirm that the developed system exhibits good performance in
various operational scenarios, showcasing its ability to effectively manage power demand,
utilize regenerative braking, and ensure a stable and efficient operation of the hybrid

energy storage system.
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(General conclusion

This research work has focused on the energy management of a hybrid energy storage
system in electric vehicles (EVs). The objective was to develop efficient and intelligent
energy management strategies to optimize the performance and utilization of multiple
energy sources in the hybrid system.

The simulation results have been carried out on Matlab/Simulink software, which proved
that the fuzzy logic-based energy management system effectively regulates the power
demand and its slop, maintains the state of charge of the supercapacitor, and ensures
efficient power distribution based on the instantaneous power demands of the vehicle.
Moreover, the fuzzy logic control approach has proven to be robust and adaptable to
varying driving conditions, allowing for smooth transitions between operating modes and
optimal utilization of available energy sources. This has resulted in improved energy
efficiency, extended range, and enhanced overall performance of the hybrid EV.

As a future work we propose :

- Real-time simulation and experimental implementation of the considered traction chain.

- The use of advanced learning based energy management techniques.
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appendix

Design parameters Value
Nominal voltage (V) 72
Rated capacity (Ah) 50

Initial state-of-charge (%) | 70

Battery response time (s) | 1

Table 4.1: Lithium-Ion battery parameters

Design parameters

Value

Rated capacitance (F)

165

Equivalent DC series resistance (Ohms) | 2.9

Rated voltage (V) 96
Number of series capacitors 6
Number of parallel capacitors 1
Initial voltage (V) 65
Operating temperature (celsius) 25

Table 4.2: Super-Capacitor parameters

Design parameters Value

Rated Torque Td 4.2 Nm

Rated Power Pd 1.5 kW

Rated Speed Nr 2880 rpm
Poles Nm 10

Phase Resistance Rph | 0.7 Ohm
phase inductance Lph | 4 mH

Torque constant Kt 0.7Nm/A
Moment of Inertia J | 0.0028 kg/m"3

Table 4.3: BLDC Motor parameters
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